. Discrete element model for numerical simulation including gas flow.
Introduction
In response to the recent issue of global warming, steel industry are trying to operate blast furnaces at lower reducing agent rate in order to reduce CO 2 emissions. 1) At the same time, steel companies are also increasing the inner volume of blast furnaces to improve hot metal production. At present, large blast furnaces with inner volumes larger than 5 000 m 3 are usual not only in Japan, but also in other Asian countries. Although such large blast furnaces are highly efficient reactors in terms of energy utilization, in some cases, problems due to discontinuous phenomena such as gas channeling and unstable descent of the burden materials arise when the furnace diameter is increased. 2) Moreover, it is considered that the thinner coke layer and the decreased blast rate in low reducing operation possibly intensify such problems. Since the discontinuous phenomena in a packed bed reactor are difficult to observe, mathematical models help to understand the mechanism of such problems and facilitate stable operation.
Various approaches to describe the solid motion in the blast furnace have been proposed and can successfully describe the behavior of burden descent in ordinary operation. [3] [4] [5] However, these approaches are unable to deal with the burden behaviors caused by the discontinuous nature of granulated materials, such as unstable slip of the burden and asymmetrical solid flows. One method of dealing with such problems is the "Discrete Element Method (DEM)", which tracks the motions of the numerous particles that compose the bed. With recent improvement of computer resources, application of DEM to blast furnace issues has been expanded. [6] [7] [8] In addition, proposals for coupling the Discrete Element Method and Computational Fluid Dynamics (DEM-CFD) have been developed and applied to the analysis of blast furnaces, where the gas drag force is added to the equation of particle motion based on the gas flow distribution obtained by CFD. 9) However, in the previous application of DEM-CFD to the blast furnace, only part of the blast furnace was analyzed due limitations on computational resources, 10, 11) and blast furnace conditions such as scale and burden properties for calculation was simplified. 12) Against this background, analysis of the
Simultaneous Three-dimensional Analysis of Gas-Solid Flow in Blast Furnace by Combining Discrete Element Method and Computational Fluid Dynamics
Shungo NATSUI, 1) Hiroshi NOGAMI, 2) Shigeru UEDA, 1) Junya KANO, 1) Ryo INOUE 1) and Tatsuro ARIYAMA 1) 1) Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 980-8577 Japan.
2) Department of Chemical Engineering, Ichinoseki National College of Technology, Takanashi, Hagisho, Ichinoseki 021-8511 Japan.
(Received on May 24, 2010 ; accepted on September 17, 2010 )
Low reducing agent operation of the blast furnace is an essential method for mitigating CO 2 emissions in ironmaking. Because the coke rate is reduced in low reducing agent operation, gas permeability tends to deteriorate. Recently, blast furnaces with inner volume larger than 5 000 m 3 have become usual not only in Japan, but also in other Asian nations. Under these conditions, detailed information on in-furnace phenomena is required to attain stable operation.
In the present study, a combination model using the discrete element method and computational fluid dynamics (DEM-CFD) was introduced to understand the fully three-dimensional in-furnace phenomena in the whole blast furnace. Due to the limitations of computational resources, the number of DEM particles must be reduced when applying DEM to the whole blast furnace. On the other hand, small cells must be used in the continuum model in order to calculate the gas flow in detail. Thus, mutual conversion between the location of particles in DEM and the property of the cells in the continuum model is needed. In this study, a method of converting information on the locations of cluster-approximated particles treated in DEM to continuum cells was proposed. Furthermore, optimization in which cells could be obtained without conversion parameters was performed to avoid losing local information obtained by DEM calculations. Simulations of solid movement and gas flow were successfully carried out with this coupled DEM-CFD model. As a result, it became possible to understand the three-dimensional stress field among particles under gas flow, transient gas flow and pressure distribution caused by charging of the burden materials, as well as solid motion.
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entire blast furnace has been desired, and a practical method of coupling with DEM and CFD is required.
The aim of the present study was to develop a three-dimensional analysis model by DEM-CFD that includes a simultaneous analysis of gas and solid flows so as to utilize the advantages of DEM in analysis of the entire blast furnace. For application of DEM to the entire blast furnace, the particle diameter must be enlarged, as conventional DEM would place huge demands on computational resources. The relationship between the location of the particles in DEM and the cells in the continuum model must also be arranged. In this paper, a method of reflecting information on the location of cluster-approximated particles in the continuum cells is newly proposed, and in-furnace phenomena, such as the change of stress field among particles in the presence of a gas flow and unsteady gas flow and pressure distribution, are discussed in three dimensions.
Model for Gas-Solid Flow Analysis

Mathematical Formulation of Particle Motion by
DEM The Discrete Element Method (DEM) is an approach for predicting the movement of particles by solving motion equations that consider the contact forces among particles or between a particle and a wall. The basic DEM equations used in the present study are shown below.
13) Contact forces are described by a Voigt model that consists of a spring, dash pot and slider, as illustrated in Fig. 1(a) . At time t, the translational displacement u i and the rotational displacement j i of the particle i with mass m by the contact force that works between two particles are shown as follows. where K, h, I, R, f g and g are the stiffness, a damping coefficients, the moment of inertia, radius of particle, the particle-fluid interaction force and gravitational acceleration. The contact force F acting on a particle j to i is expressed as:
. ... (8) where E and n denote the Young's modulus and Poisson's ratio of a particle, and D b is the radius of the contact circle. When the shear force is larger than the static friction force, the following shear stress employs. (9) where, m denotes the maximum static friction coefficient. In order to represent the shapes of coke and ore, rolling friction which mitigates the shear stress acting on the contact circle was incorporated in the model. 14) .................... (10) .......... (11) where T and M are the received torque of a particle and the function of the rolling friction coefficient. The rolling friction coefficient a is decided depending on the physical properties of the particle surface. In fact, it is difficult to treat all actual particles in a blast furnace as DEM particles because the number of particles that can be handled practically in DEM is limited by the capacity of the computer. 
Therefore, the particle number was reduced by cluster approximation, in which two or more particles are represented by one particle, as shown in Fig. 1(b) .
Formulation of Fluid Flow by Continuum Model
The movement of the fluid is described by the continuity equation and the Navier-Stokes equation.
................... (12) .... (13) where, e, n n, p, r g and m g denote the void fraction, velocity vector, pressure, density, and viscosity of a fluid, respectively. The local void fraction is obtained from the particle locations calculated by DEM. The source term f g takes into account the interaction force between fluid and particles.
Particle-Fluid Interaction
When the calculation region is divided into microscopic cells in order to calculate the gas flow in the blast furnace, the fluid velocity is treated as superficial velocity in Eqs. (12) and (13) . In this study, the void fraction in the packed bed is calculated from the location of the particles obtained as a result of the particle movement analysis by DEM. The pressure drop is expressed by the multi-dimensional Ergun's equation for a packed bed. 15, 16) In this study, only the gas velocity is considered, as it was assumed that the particle velocity in the packed bed is sufficiently small in comparison with the gas velocity.
.... (14) where, d p denotes the representative actual particle diameter in a cell. The pressure drop in the cell is considered to be the total of the momentum exchange of the particles. Therefore, a cluster particle used in DEM receives the total drag forces of the actual particles which are included in the cluster, as shown in Fig. 1 (18) where, N i , n n pi and n n g denote the number of actual particles included in a cluster particle and the velocity vectors of the particle and the gas, respectively. N i is decided depending on the void fraction of each particle and volume ratio of R and d p .
Calculation Condition and Method of Solution
Application of DEM-CFD to Blast Furnace
The calculation region was approximately divided into hexahedral cells by cylindrical coordinates in order to apply Eqs. (12) and (13) to the blast furnace. The three-dimensional calculation region for a blast furnace inner volume of more than 5 000 m 3 is shown in Fig. 2 . The pressure is evaluated on the grid points, and the velocity is defined on the staggered grid applied in the cell boundary. This approach can treat constitutive equations of mass in one cell, and the pressure gradient is decided from each velocity element. As a result, the physical implication of Eq. (12) is naturally expressed. Eqs. (12) and (13) were coupled based on SIM-PLE, 18) and the fluid flow in each time step was calculated. For the calculation region, a three-dimensional semicircular model which has a periodic boundary condition in the section was applied. The raceways were represented by small cells, which were placed at equal intervals on the wall at tuyere level. Ore and coke particles were alternately charged by a bell-mode charging device, and the initial condition was formed as a layered structure of ore and coke. The curved line which denotes the melting zone was placed at 3.0 to 7.5 m above tuyere level, and ore particles were eliminated below this line based on the supposition that they do not influence the surroundings dynamically. Particles of coke entrained in the raceway were consumed at arbitrarily-specified intervals. 
Calculation Procedure to Combine DEM and CFD
A flow chart of the coupled DEM-CFD model in this study is shown in Fig. 3 . The gas drag force on each particle was calculated by the gas flow distribution corresponding to the void ratio and the particle size distribution. The process of action of the gas drag force on the particles was iterated. The particle motions in DEM could be solved in time evolution, and the gas distribution in CFD was updated by convergent calculations at constant intervals. The CFD calculation conditions are shown in Table 1 . Heat transfer and chemical reaction were not considered in this model, and the in-furnace gas was assumed to be equal to air at normal temperature with a constant viscosity for handiness. The update interval of the gas flow distribution was set at once every 600 steps of DEM in consideration of the convergence property and the accuracy of the calculation. The amount of the inflow of tuyere gas was assumed to be almost equivalent to normal blast furnace operation.
Considering the boundary condition of the void fraction, values of 0.49 and 0.90 were employed at the wall and raceway, respectively.
The DEM calculation conditions are shown in Table 2 . The appropriate properties of the particle were determined based on a previous report. 19) In order to reduce the number of particle, the particles used in DEM were enlarged to approximately 4 times of the actual particle diameter. To represent the shape factor of the particle and the solid motion, the optimum combination of contact and rolling friction was systematically introduced by the angle of repose calculated in DEM. The Young's modulus of the particle was reduced within the range where it would not greatly influence the solid flow in consideration of calculation convergence. 20) The descending velocity of the packed bed was accelerated to 120 times the actual velocity by adjusting the particle consumption rate in the raceway because the time range that can be analyzed in DEM is much smaller than that in the actual blast furnace process.
Method of Calculating Void Fraction in Surroundings of Particles and Cells
The void fraction around each particle and cell is calculated from the particle coordinates in DEM for fundamental analysis. Because the particle is not sufficiently small compared with the cells of the cylindrical coordinate, it is necessary to calculate the void fraction properly in consideration of the relationship between the particle and cell sizes. The transcript accuracy is discussed by comparing the void fraction around particles and cells. Generally, estimation of the void fraction in a packed bed by DEM has not been standardized. Therefore, this study adopted a method based on a strict numeric technique (Controlled Volume Method), as proposed by Okaya et al. 21) This method is shown in Fig.  4(a) . The spherical control volume was set in the surroundings of the particle center, and the void fraction around the particle e i was calculated from the proportion of particle existing in that volume. The variables in the expression are shown in the figure. If it is assumed that the surroundings are space, then e i ϭ0.99 when particles do not exist in each control volume. The part of the volume which was cut out of the boundary was calculated by applying an expression for a spherical segment, as shown in Figs. 4(b) and 4(c) . The method of transferring the void fraction of the particle surroundings e i to that of a cell e is shown in Fig. 5 . The following two methods were introduced to calculate of the void fraction in the cell. The first is the averaging method for the void fraction of each particle in the spherical control volume also set around the cell: The second method is the weighted mean void fraction of the distances between the cell center and particle center in this control volume:
......... (22) where, w and r denotes the weighting function and positional vector of the cell center. With this method, it is expected that each cell can reflect the location information of the particle more accurately than with the former method.
Optimization of Control Volume Diameter
For proper treatment of the void fraction in cluster particles, it is necessary to optimize the spherical control volume diameter around particles and cells. Whereas an underestimated control volume does not represent the surroundings, an excessive control volume becomes an average for the surroundings. The influence of the control volume radius in the void fraction distribution calculated from particle locations at a certain time was examined. The control volume radius around each particle was set at a common size as r c ϭc · R i in order to treat an equal ratio of the volume of particle i and its control volume. The radius was changed by a constant c, and the control volume radius of each cell r c Ј was set as r c Јϭc · R Coke .
The change in the averaged void fraction depending on the control volume radius is shown as Fig. 6 for the entire calculation region. The void fraction around the particles is shown as Fig. 6(a) . The averaged and weighted mean void fractions in the cells are shown as Figs. 6(b) and 6(c), respectively. When cϭ2.0, each void fraction in the cells was different from Fig. 6 (a) in comparison with the other sizes. Thus, it seems that cells do not contain sufficient information on the surroundings of the particle when such a small control volume is used. When cՆ3.0, all conditions become substantially constant. However, the difference increased slightly when cՆ4.0 compared with cϭ3.0. From this, it appears that a boundary error occurs in the enlarged particle near the wall. The void fraction distribution for an arbitrary section is shown in Fig. 7 for each condition. When cϭ2.0, the overall void fraction is high in both cases of the particle and the cell surroundings. This apparent high void fraction is due to the control volumes around particles being recognized as space e i ϭ0.99 because of insufficient information on the surroundings. In Fig. 7(a) , the entire contrast that shows the difference with the surroundings has decreased with an increase of c. This shows that the spatial information on the particle surroundings is leveled when a large control volume is employed. At the same time, the contrast of both of Figs. 7(b) and 7(c) also decreased with increased c. It is clear that the layer structure information disappears as a result of the influence of the leveled local void fraction of the particles. With reference to the melting zone, where the contrast appears clearly, Fig. 7 (c) shows a higher contrast compared with Fig. 7 (b) at all control volume sizes. This indicates that the void fraction of particles near each cell center is emphasized by the weighted mean of the distance. This method Fig. 7(c) is suitable for transferring the local void fraction of particles to cells, even if enlarged cluster particles are applied. Therefore, cϭ3.0 was applied in the following, and the void fraction around the cells is calculated by the weighted mean of the distances between the cell and particle centers.
Calculation of Gas Drag Force on Particle in Cell
When Eq. (16) gives the particle-fluid interaction coefficient C g-p , the representative particle diameter d p must be used. The representative diameter was calculated by averaging the particle diameter from the ratio of the volumes of coke and ore particles in the control volume of the cell. The gas drag force that acted on each particle in the cell was then calculated from the total of the gas drag forces in the entire cell.
Results and Discussions of Gas-Solid Flow
Influence of Gas Drag Force on Solid Motion
The influence of isothermal gas flow on particle motions was examined dynamically. The time step was advanced in DEM, and the particle motion when gas drag force was added was compared with that when no gas drag was assumed. Snapshots of the in-furnace particle movement at each elapsed time are shown in Fig. 8 in three dimensions. In the top part, regarding (3), fluidization of the coke particles near the center was observed in (A), which assumed the action of gas drag force when ore particles had been charged to the wall side of the furnace. Regarding (4), fluidization of the ore particles was also observed when the ore had flowed into the center of the furnace. The repose angle of the ore particles had changed in comparison with (B), in which gas drag force was not considered. Thus, this model reasonably reproduced the influence of the gas flow on the charged burden distribution as traditionally previously reported. 22) On the other hand, no noticeable change was seen in the packed bed. This indicates that the particle distribution in the packed bed is not changeable in comparison with that in the top part of the blast furnace, and the effect of gas drag force on particle motion is small in the lower part of the furnace. In this study, the total simulation time is limited. Therefore, this calculation focused on the change of top layer under gas flow. When the top of burden descend, the construction of the packed bed will be changed because of gas drag force.
The time change of the averaged particle velocity in the upper and lower parts of the furnace is shown in Fig. 9 . Conditions (a) and (b) correspond to all particles from the stock line to the bosh and all particles under the bosh, respectively. It doesn't contain the movement of freely falling particles. The particle velocity was defined as the average displacement of particles in 100 DEM steps in order to eliminate the influence of minute vibrations.
From Fig. 9 , it can be seen that the averaged velocity with added gas drag force was lower in both Figs. 9(a) and 9(b). This phenomenon is remarkable after the ore particles © 2011 ISIJ are charged, and it shows that charging of ore particle clearly influences the distribution of the gas in the upper part of the furnace. In condition Fig. 9 (b), the velocity change was much smaller than in Fig. 9(a) , and the influence of charging was not seen under this level in the furnace. It seems that gas drag force decreases the kinetic energy of charged particle and interparticle slipping. Snapshots of the in-furnace particle normal stress distribution at each elapsed time are shown in Fig. 10 in three dimensions. Normal stress of each particle is derived as, 23) ....................... (23) A stress network was observed in the lower part of the furnace; however, there were no remarkable changes in each condition. In this calculation, the isothermal gas flow does not possess sufficient drag force to change the stress distribution in the packed bed on the macro scale. However, from this calculation, it is estimated that the gas drag force influences the particle motion near the raceway. The time change of the averaged normal stresses among particles in the upper and lower parts is shown in Fig. 11 . In both Figs. 11(a) and 11(b), averaged normal stress had increased after charging because of the load, but this stress decreased over time. The stress difference is approximately 0.10 MPa in Fig. 11(a) and 0.15 MPa in Fig. 11(b) . The influence of the gas drag force in the lower part of the furnace is larger than that in the upper part of the furnace as the difference of the absolute values. In the lower part, the gas drag force was not transferred to individual particle momentum because the particles were restrained by the load from above, and gas drag force only acts to ease the stress between the particles. This means that the gas drag is simply a reaction force to the gravity of the particle and acts to reduce the load. However, the influence of the gas drag on stress relaxation is slight, being approximately 12% and 8% in the upper and lower parts, respectively.
The normal stress distributions between particles along the vertical axis when tϭ3.0 is shown as Fig. 12 . The normal stress is derived by summation of stresses at all contact point of a particle. The normal stress increases from the upper part to the bosh as a result of the load of the burden, reaching its maximum in the upper part of the bosh, and decreases below this, at the tuyere level. Because the load in the upper part is supported by the bosh, the load shows a tendency to be eased below the bosh. This shows the same tendency as in the results of past study and soil mechanics analyses. 24) When the gas drag force is added, the normal stress is eased in each part of the furnace, and especially in the upper part of the tuyere level. The reason for this phenomenon is that the drag force per a particle increases because only coke particles are packed under the melting zone, and the diameter of these particles is larger than that of the ore particles. It seems that particles which receive gas drag force tend to flow vertically in the lower part of the bosh.
Consideration of Interaction of Particle and Gas
Flow The time change of the gas drag force of each particle is shown in Fig. 13 . Here, drag force means the total of the drag forces that an actual particle in the cluster receives. A coke particle in the same cell receives 8 times as much drag force as an ore particle because of the volume ratio of the particles in each cell. The coke particles receive the maximum amount of gas drag force near the center part in the top of the blast furnace. The amount of gas drag force acting on the coke particles in the lower part is relatively large as a result of the particle size effect, as identified above. Particles below tuyere level receive virtually no gas drag. The gas drag force in the peripheral part of the furnace top decreases after ore charging in (3), and it increases over a large range from the center part as the ore particles roll into the center in (4). In the outer part, it is likely that this is the cause of the decrease in the void fraction that depends on mixing of a different diameter particle.
The time change of the gas velocity vectors in the upper and lower parts is shown in Fig. 14 . The color scale was changed and shown in each part. Here, (1) and (2) show a near-steady state before charging, and ore particle charging influences (3) and (4). In (3), a concentrated increase in the gas velocity occurs in the center of the upper part, and it is still higher than that in the steady state in (4) . Since the diameter of the ore particle is half that of the coke particle, the difference in the permeability and the mixed layer formation on the wall side influence on these phenomena. It is probable that the surrounding gas flow is disturbed when the ore is charged. The change in the gas velocity in the lower part is small. The time change of the gas drag force vectors in the upper and lower parts is shown in Fig. 15 . In the upper part of (3), some particles in the center have fluidized; however, the gas drag of the outside particles has decreased. In (4), more particles have fluidized, with the gas drag force increasing as the ore particles roll into the center. The gas drag force near the wall also increases, and it is thought that the gas velocity discharges upward because it is suppressed momentarily by charging. The direction at the gas velocity vectors is almost vertical to the burden surface. The void fraction is thought to be decreased momentary in the outer part, and as a result, the gas pressure may increase. Nishio et al. theoretically described the gas flow concentration being disturbed in the center part. 25) The present model has been shown to agree with the experimental and numerical results presented by Nishio et al. with regard to the phenomena which occur when ore particles are charged. lower parts of blast furnace during ore particle charging.
Fig. 14. Gas velocity change in upper and lower parts of blast furnace during ore particle charging. Fig. 10 . Effect of gas drag force on calculated normal stress distribution. Fig. 11 . Effect of gas drag force on averaged particle normal stresses at various levels in blast furnace. Fig. 13 . Change in gas drag force distribution for each particle. from actual blast furnaces, considering the reaction and heat transfer. The gas pressure distribution is used as information showing the in-furnace gas flow. Comparison of actual measured values and calculation results is important for discussing quantitative values. The time change of constant-pressure surfaces is shown in Fig. 16 . The absolute value of pressure was based on the top part. The isobar is shown as a curved surface of the same color, and pressure drop increases as the distance between the isobar planes becomes narrower. As shown from Figs. 16(1) to 16(3) , the 40 kPa constant-pressure plane was displaced downward by ore particle charging, and the pressure distribution under the melting zone decreased. The pressure distribution then moved to the upper part again in Fig. 16(4) . It seems that the entirety of the particles in the packed bed move momentarily when ore is charged, and the change in the void fraction has a sensitive influence on the gas pressure. 26) Ore charging also has a large influence in the lower part of the furnace, which may be because the high void fraction in the melting zone is compressed. Moreover, the distance between isobars show that the pressure drop in the upper part was larger than that in the lower part. It is probable that the influence of solid motion appears clearly in this model because the proper permeability in the melting zone, temperature and chemical reaction on were not set, compared with the conditions in an actual blast furnace.
Influence of Liquid Phase on Pressure Distribution in Lower Part
In the lower part, the gas velocity near the melting zone was higher than that of the surroundings, as shown in Fig.  14 . Moreover, as shown in Fig. 7 , the void ratio was also higher in the same part, and it seems that the gas velocity increased locally as a result of this ventilation resistance decrease. In this model, melted ore particles were simply eliminated. However, the model represents the behavior of the ore particles under the melting zone as reaching bottom instantaneously. By contrast, in an actual blast furnace, the ore particles stagnate in the lower part because liquid drops of ore descend in the coke bed at a particular velocity. It is thought that the melted ore can reduce the void fraction in the lower part. In this section, the void ratio in the lower part is changed by a simple method based on the influence of the melted ore, and the effect of this change on the gas drag force distribution is examined.
The liquid phase ratio f was introduced to represent the liquid distributed under the melting zone. The void fraction under the height of the melting zone h m is given as follows. The change in the void fraction distribution with variation of the liquid phase ratio f is shown as Fig. 17 . The ratio f was decided referring to the research by Nishioka et al. 27) This figure reveals that the void ratio under the melting zone decreases with increases in f. Especially, when fϭ0.25, the region of eՅ0.30 extends over almost the whole lower area of the furnace, and it represents the stagnant condition of the liquid phase. The calculated constant pressure surfaces in each condition are shown in Fig. 18 , which show the pressure distribution at tϭ0.0 s corresponding to the steady state of the packed bed.
The distance between isobars with constant pressure surface becomes narrower as f increases, and the pressure drop in the lower part increases in Fig. 18(C) due to the change in the void fraction in the lower part as shown in Fig. 17 . Under these conditions, a constant gas velocity in the tuyere was assumed as a boundary condition, and the gas pressure around the tuyere part increases as f increases. The pressure drop concentrates on the vicinity of the tuyere, and especially in (C). The time changes in the gas drag force in each condition are shown as Fig. 19 . In the upper part, the transitional gas drag distribution change becomes smaller as f increases, and the absolute value also decreases. The change in the gas drag distribution in the lower part of the furnace is smaller than that in the upper part. In this study, only the liquid phase ratio was taken into consideration. However, actual blast furnaces have a different distribution of the void fraction, which is influenced by the existence of minute powder and the particle size distribution.
Conclusions
A three-dimensional whole blast furnace analysis model based on coupling of DEM and the finite volume method, which includes simultaneous analysis of gas and solid flows, was developed. A method of reflecting information on the locations of cluster-approximated particles in continuum cells was proposed. Although the present model did not consider the chemical reaction and heat transfer, further development to precise blast furnace simulator will be possible on the basis of the combination method of DEM and CFD newly proposed by this study. The following conclusions were obtained.
(1) The void fraction in the cells was obtained from the local information on particles by optimizing the volume of the control volume.
(2) The gas drag force slightly reduced the normal stress among particles. Gas drag force showed its maximum value near the upper part of the bosh, and influenced the solid flow.
(3) The increase of gas drag force concentrated on the center of the upper part of the blast furnace. When ore particles were charged, the gas velocity became higher in the center part, and fluidizing of the particles occurred. The results for this phenomenon given by the proposed model were in good agreement with traditional experimental results.
(4) The gas pressure distribution was influenced sensitively by momentary solid motions, and the amount of pressure drop in the upper part of the furnace was relatively large in this model. A liquid phase ratio was introduced to represent the condition of actual blast furnace operation. Increased pressure drop occurred in the lower part of the furnace, especially near the tuyeres.
